Bacterial quorum sensing signal molecules N-acyl homoserine lactones (AHLs) (C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL) as possible chemical cues were employed to investigate the role in the formation of fouling diatombiofilm (Cylindrotheca sp.). Results showed that AHLs promoted Chlorophyll a (Chl.a) and extracellular polymeric substance (EPS) contents in the diatom-biofilm. In the presence of AHLs-inhibitor 3, 4-Dibromo-2(5)H-furanone, which was used to avoid the possible interference of AHLs from bacteria, AHLs also increased the Chl.a and EPS contents. Scanning electron microscope and confocal laser scanning microscope analysis further demonstrated that AHLs promoted the formation of the diatom-biofilm. Non-invasive micro-test technique showed that AHLs promoted Ca 2+ efflux in Cylindrotheca sp., which implied that Ca 2+ might be correlated with AHLsinduced positive effect on the formation of diatom-biofilm. This study provides direct evidences that AHLs play an important role in developing the diatom-biofilm and AHLs-inhibitors might be promising active agents in marine antifouling.
Introduction
Marine biofouling can be defined as the undesirable accumulation of microorganisms, plants and animals on man-made surfaces (Yebra et al., 2004) . Within the first seconds to minutes, surfaces immersed in marine seawater are covered by conditioning films composed of organic and inorganic molecules. Subsequently, bacteria and diatoms (microalgae) colonize on the substrates and form fouling biofilm. Finally, spores of macro-algae, protozoa, and larvae of invertebrates such as barnacles adhere to the surfaces and form macro-fouling communities (Jain and Bhosle, 2009 ). However, the formation process is not absolute, and various stages can overlap or occur in parallel due to the capacity of different organisms to settle on the substrates, and the interactions among fouling organisms (Mieszkin et al., 2013) . Therefore, the study of these interactions is highly relevant to understanding the structure and development of marine fouling communities, which will be very helpful to develop marine antifouling technology.
Fouling biofilms generally include bacteria, diatoms, and extracellular polymeric substances (EPS) which is mainly composed of polysaccharides (PS), protein (PN), uronic acids, humic substances and lipids (Arundhati and Paul, 2008) . Fouling biofilm is considered as an important factor for the formation of subsequent fouling communities and has been extensively studied (Qian et al., 2007; Ganesan et al., 2010; Hadfield et al., 2014) . However, very few reports addressed the relationship between diatoms and bacteria in biofilm (Bruckner et al., 2011) . Some scholars have pointed out that future studies should focus on the relevance of bacteria for diatom adhesion in marine biofilm (Landoulsi et al., 2011) . The relationships between diatoms and bacteria are very close in fouling biofilms. In addition to being symbiotic or antagonistic, diatoms and bacteria might support each other through cross-feeding, possibly optimize by exchange of chemical cues (D'Costa and Anil, 2011) . It was reported that bacteria influenced the growth and metabolic activities of diatoms, such as EPS production, capsule formation and adhesion strength of diatom cells (WigglesworthCooksey and Cooksey, 2005) .
Recently, N-acyl homoserine lactones (AHLs), a class of quorum sensing signal molecules in Gram-negative bacteria involved in bacterial biofilm formation, were considered as important chemical cues across the prokaryote-eukaryote boundary. Especially, bacterial eukaryotic hosts could detect and respond to bacterial quorum sensing signals such as the squid Euprymna scolopes (Chun et al., 2008) , and leguminous plants (Mathesius et al., 2003) . During the development of fouling organisms communities, AHLs induced Ulva spores settlement (Joint et al., 2002; Tait et al., 2005) , involved in the settlement of larvae of the polychaete Hydroides elegans and the bryozoan Bugula neritina, and increased the cyprid of Balanus improvisus settlement (Tait and Havenhand, 2013 
Contents lists available at ScienceDirect
Marine Pollution Bulletin j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a r p o l b u l diatom-biofilm formation, interruption of this signaling pathway using quorum sensing inhibitors may be proved promising as an antifouling technique. It was reported that Gram-negative bacteria were dominant in the marine environment (Zhang et al., 2006) . Therefore, this study attempted to provide evidences to discuss the possible role of signal molecules AHLs which were mainly produced by Gram-negative bacteria in the formation of marine diatom-biofilm. For such goal, Cylindrotheca sp., the diatom isolated from fouling biofilm in Chinese Yantai Coast, was treated with three kinds of AHLs (C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL) for the biofilm analysis. These three kinds of AHLs have different structures with the same carbon chain and are related to bacterial biofilm formation or other physiological process (Williams, 2007) . The effects of AHLs on the growth, EPS production of the diatom and the morphology of diatom-biofilm were investigated. To avoid the interference of other AHLs which might be produced by foreign bacteria during the long-term experiment, bacterial quorum sensing signal inhibitor (QSI) 3, 4-Dibromo-2(5) H-furanone was employed to inhibit AHLs production by extra bacteria along with Cylindrotheca sp. (Kalia, 2013) . At the same time, three kinds of AHLs were added into the experiments to elucidate the role in the diatombiofilm formation.
Additionally, a new non-invasive micro-test technique (NMT) has been taken as a useful tool for real-time measuring extracellular ions or molecular activities to noninvasively acquire information about their transportation in intact samples (Bai et al., 2014) . In this study, NMT was used to determine the Ca 2+ flux in the diatom for preliminary exploring the possible physiological mechanism how AHLs affected the diatom during the initial colonization process. It was reported that Ca 2+ might be involved in the movement, settlement and growth of diatom. The motility of pennate diatom was depended on actin and a pair of actin cables beneath the plasma membrane at the raphe, which required Ca 2+ to generate motive force, and reduction of external Ca 2+ also showed to reduce population motility in the marine benthic diatom (McLachlan and Underwood, 2012) . It was expected that the present study could reveal the relationship between bacteria and diatoms during the formation of fouling biofilm and offer important insights into developing new and environmental-friendly antifouling techniques. Before Cylinthrotheca sp. was stored in the laboratory, axenic diatoms cultures were obtained according to the methods of Vanelslander et al. (2012) . The exponentially growing Cylindrotheca sp. cultures were treated with 300 mg/L penicillin, 100 mg/L streptomycin and 100 mg/L gentamycin for 36 h. Afterward, single cells were isolated by micropipetting and transferred to sterile f/2 culture medium. The diatoms were cultured to the exponential phase before inoculation in the following experiments. C10-HSL was synthesized by Professor Chuanhai Xia (Yantai Institute of Coastal Zone Research, CAS), and the structure was confirmed by 1 H NMR and 13 C NMR and the purity was detected by GC-MS (Fig. S4 ). 3-OXO-C10-HSL and 3-OH-C10-HSL were purchased from WUXI Apptec (Tianjin) Co., Ltd. The purities of the AHLs were more than 90%. All other chemicals were analytical or higher grade.
Materials and methods
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Measurements of pigment and EPS
To explore the possible role of AHLs (C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL) in the formation of diatom-biofilm, cellular photosynthetic pigments, EPS including protein (PN) and polysaccharides (PS) of Cylindrotheca sp. were determined after a long-term exposure (15 days). This study was conducted in 24-well plates, each well containing 2 mL of diatom cultures (cell density 1-2 × 10 5 cells/mL). The concentrations of AHLs were set as 0, 0.1, 1 and 10 mg/L with at least six replicates for each treatment group, and the group free of AHLs was taken as the control. Considering that AHLs were easily degraded in diatom culture medium (f/2 medium in seawater), we referred to the method of Tait and Havenhand (2013) to maintain the desired concentrations of AHLs during the long-term experiment, and the percent degradation of each AHL in the medium was calculated as 2.17 ± 0.02% per h for C10-HSL, 3.39 ± 0.05% per h for 3-OXO-C10-HSL and 3.17 ± 0.03% per h for 3-OH-C10-HSL with reference to the calibration curve. Using these values, AHLs were replenished in the medium every 24 h. After the 24-well plates were incubated at 20°C for 15 days, the supernatant was removed and the diatom-biofilm was gently washed with sterile seawater three times to remove the unattached cells and stored in 2 mL sterilized distilled water, 30°C water bath for 1 h, then centrifuged at 4000 g for 10 min. The cell-free supernatant contained the released EPS for assays (Li et al., 2014) . PN contents were determined by the method of Bradford (1976) with bovine serum albumin as the standard. The total PS contents were determined by the phenol-sulfuric acid colormetric method with glucose as the standard (Masuko et al., 2005) . After the diatom-biofilm was washed with sterile seawater three times to remove unattached cells, the biofilm samples were directly used to measure chlorophyll a (Chl.a) contents, which were analyzed spectrophotometrically (UV-1810, Beijing, China) at 665 and 649 nm after being extracted with 95% ethanol over night at 4°C. The pigment contents were calculated using the following equation: Chl.a = 13.95 A 665 -6.88A 649 (Yang et al., 2013) .
Diatom-biofilm morphology assays
For directly observing the effects of AHLs on the diatom-biofilm, scanning electron microscope (SEM) was employed in the study. The study was conducted in 12-well plates and each well contained a piece of 1 × 1 cm 2 glass slide. The total volume of each well was 4 mL including 10 mg/L AHLs, and the initial diatom density was the same as the above. The slides were pretreated ultrasonically 10 min at 20°C in 30 mL ethanol, cleaned three times in 30 mL distilled water, then stored in distilled water and sterilized for the following experiments. After 15 days incubation, the diatom-biofilm slides were taken out and washed gently three times with sterile seawater to remove unattached cells, then fixed with 4% formaldehyde for 1 h, followed by destaining in a gradient series aqueous solutions of 25%, 50%, 75% and 95% ethanol for 10 min. The slides were dried and kept in a dessicator overnight for SEM examination (Hitachi S-4800, Japan) (Fang et al., 2002) . Confocal laser scanning microscope (CLSM, FluoView FV100, Japan) was also used to analyze the diatom-biofilm of Cylindrotheca sp. which was influenced by quorum sensing signal C10-HSL. This study was conducted in 24-well plates and each well contained 2 mL culture medium with 10 mg/L C10-HSL for 15 days incubation. The initial diatom density was the same as the above. After incubation, the plates were taken out from illumination incubator and the culture media were drained, then the diatom-biofilm in the bottom of the plates were gently washed twice with phosphate buffer (PBS, pH 7.8) to remove unattached cells, fixed with 2% glutaraldehyde for 1.5 h, washed with PBS. Subsequently, the diatom-biofilm was stained with 50 mg/L FITC-ConA, which was concanavalin A (ConA) conjugated to fluorescein isothiocyanate (FITC) for probing biofilm, for 30 min in a 4°C refrigerator, then washed twice with PBS for CLSM (Olympus Fluoview FV1000) analysis. The CLSM was equipped with detectors and filter sets for monitoring FITCConA stained biofilm (excitation wavelengths of 488 nm and emission wavelength of 515 nm) (Sweity et al., 2011) . By stereoscopic scanning, CLSM could determine the thickness of diatom-biofilm. The control and treatment groups were three replicates.
Measurements of pigment and EPS in diatom-biofilm mediated by QSI
To exclude the influence of other AHLs, which might be produced by foreign bacteria in the diatom cultures during a long-term experiment (15 days), bacterial QSI 3,4-Dibromo-2(5)H-furanone was used to interfere the formation of foreign bacterial biofilm and the production of other AHLs or their analogs. Similar to the above method, the diatom was cultured in 24-well plates, each well containing 2 mL of diatom cultures (cell density 1-2 × 10 5 cells/mL), and the concentration of 3,4-Dibromo-2(5)H-furanone was set as 1 mg/L with at least six replicates. The concentration of 1 mg/L was chosen through the preliminary experiment and QSI could not inhibit the growth of the diatom under the concentration (Fig. S2) . At the same time, AHLs of 10 mg/L were added into each well in plates and replenished in the medium every 24 h, and the group free of AHLs served as the control. After 15 days incubation, the contents of Chl.a, PN and PS in diatom-biofilm were analyzed. For comparison, the Chl.a, PN and PS contents of only QSI-treated groups free of AHLs were expressed by 100%, other groups were calculated as the relative percent contents.
2.5. Measurements of Ca 2+ flux in Cylindrotheca sp.
To explore the action mechanism of AHLs on the diatom of Cylinthrotheca sp., the net Ca 2+ flux in diatom cells was measured using NMT assay (Younger USA 12-well plates with f/2 medium in light incubator and each well contained a piece of 1 × 1 cm 2 glass slide for 24 h, then diatom cells were adhered to slides for the following experiment. The glass slides were gently washed three times with measuring solution (0.1 mM KCl, 0.1 mM CaCl 2 , 0.1 mM MgCl 2 , 0.5 mM NaCl, 0.3 mM MES, 0.2 mM Na 2 SO 4 and 0.1% sucrose, pH 7.8), then transferred to the measuring chamber containing 3 mL measuring solution in the absence or presence of AHLs (0.1 and 10 mg/L), and the group free of AHLs served as the control. The Ca 2+ flux data were recorded for about 10-20 min. The flux data were obtained according to the NMT velocity conversion table JCal V3.2 provided by Xu-Yue Company.
Statistics
All the data shown in the study were the means ± standard deviation (SD) and were evaluated by using one-way analysis of variance (ANOVA) followed by the least significant difference test, p b 0.01 and p b 0.05 (Origin 7.5 for Windows).
Results
Effects of AHLs on the formation of diatom-biofilm
Results of Chl.a contents showed that C10-HSL of 1 mg/L noticeably increased the Chl.a contents and all three kinds of AHLs at the concentration of 10 mg/L increased the Chl.a contents in the diatom-biofilm of Cylindrotheca sp. after 15 days exposure (Fig. 1) . The contents were orderly 1.56 times, 1.13 times and 1.09 times of the control when the diatom was exposed to 10 mg/L of C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL. To further elucidate the long-term effect of AHLs on the formation of diatom-biofilm, the contents of EPS (PN and PS) were measured in the diatom-biofilm. The contents of PN and PS in the diatom-biofilm increased remarkably compared with that of the control when treated with C10-HSL of 1 and 10 mg/L. So the total contents of EPS (PN and PS) were increased correspondingly. Both 3-OXO-C10-HSL and 3-OH-C10-HSL of 10 mg/L notably increased the contents of PS and the values were 5.11 times, 2.53 times of the control, respectively. In addition, the PN contents orderly increased by 26.13%, 51.53%, and 69.45% than that of the control when the diatom was exposed to various 3-OXO-C10-HSL concentrations (0.1, 1 and 10 mg/L). By calculating the values of PN/Chl.a and PS/Chl.a (Fig. 2) , the PS/Chl.a values were significantly increased by the three kinds of AHLs at the concentration of 10 mg/L (C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL), and the values were orderly 2.03 times, 4.36 times and 2.37 times of the control. 3-OXO-C10-HSL exposure promoted the PN production by diatom cells and the PN/Chl.a values were increased by 44.29%, 58.54% and 52.98% at the concentration of 0.1, 1 and 10 mg/L, respectively. However, other two kinds of AHLs (C10-HSL and 3-OH-C10-HSL) showed no effects on the ratios of PN and Chl.a.
Results of SEM assay further showed clearly that three kinds of AHLs promoted the cells density in diatom-biofilm. However, there were no obvious variations among three treatment groups with different AHLs under the same concentration of 10 mg/L (Fig. 3) . CLSM results also showed that AHLs were helpful to form the diatom-biofilm of Cylindrotheca sp. (Fig. 4) . The treatment group of C10-HSL significantly increased the fluorescence intensity and the thickness of diatombiofilm. The values of the treatment group and the control for the thickness were 47.67 μm and 34.33 μm respectively.
Effects of AHLs on the formation of diatom-biofilm mediated by QSI
To exclude the possible interference of exogenous signal molecules during the long-term exposure, QSI 3,4-Dibromo-2(5)H-furanone was employed in this study. Chl.a and EPS (PN and PS) contents in the diatom-biofilm were measured when the diatom was treated with only QSI or with QSI and AHLs for 15 days (Fig. 5) . It was found that AHLs notably increased Chl.a contents of diatom-biofilm in comparison with that of the only QSI-treated group, and the values were 1.57 times, 1.4 times, 1.31 times of the control respectively when the diatom was exposed to C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL. Similarly, AHLs also obviously promoted the production of PS in the diatombiofilm and the contents were 2.45 times, 1.86 times and 2.02 times of the control when diatom was orderly exposed to C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL. However, only 3-OH-C10-HSL increased PN contents in the diatom-biofilm and the value was 2.31 times of the control.
Effects of AHLs on the Ca
2+ flux in Cylindrotheca sp.
To explore the possible role of AHLs on the Ca 2+ flux in the initial colonization of the diatom, NMT was used to detect the Ca 2+ flux in Cylindrotheca sp. (Fig. 6) . It showed that Ca 2+ efflux was triggered immediately after the diatom cells were treated with AHLs. All the Ca 2+ efflux values of the treatment groups were obviously higher than that of the control except 3-OH-C10-HSL under the exposure concentration of 0.1 mg/L, and the values increased with AHLs treated-concentrations. The highest value was 658.83 pmol/(cm 2 ·s), which was more than 16 times of the control when Cylindrotheca sp. was exposed to 10 mg/L 3-OXO-C10-HSL.
Discussion
Our results suggested that the diatom-biofilm of Cylindrotheca sp. was mediated by bacterial quorum sensing signals AHLs (C10-HSL, 3-OXO-C10-HSL and 3-OH-C10-HSL), which noticeably influenced the Chl.a, EPS contents and the morphology of the diatom-biofilm. Previous reports demonstrated that bacteria promoted the growth and release of extracellular organic compounds by benthic diatoms and the interactions with bacteria could be one of the main factors driving the diatom-biofilm formation (Bruckner et al., 2011) . At present, the close relationship between bacteria and diatoms/algae are widely studied, but none of them report the role of bacterial quorum sensing AHLs on the diatoms, especially in the field of biofouling. It has been found that researchers deeply studied the role of AHLs in the cell-to-cell communication across the prokaryote-eukaryote boundary, and pointed out that AHLs significantly induced the adhesion of zoospores of the green alga Ulva and the settlement of Balanus improvisus cyprid (Joint et al., 2002; Tait et al., 2005; Tait and Havenhand, 2013) . These reports showed the importance of AHLs in the formation of fouling communities. In our study, the contents of Chl.a in the diatom-biofilm significantly increased at the exposure of AHLs. Because Chl.a contents generally reflect the biomass of diatoms, the increase of Chl.a contents indicates that AHLs promote the biomass of diatom-biofilm. In addition, the biofilm main components EPS including PN and PS in diatom-biofilm were also increased when the diatom was treated with AHLs. At the same time, the values of PN/Chl.a and PS/Chl.a were calculated, which represented the EPS contents that were secreted by each diatom cell. It was found that AHLs significantly enhanced the production of EPS in diatom cells, especially when the exposure concentration reached 10 mg/L. Herzberg et al. (2009) pointed out that EPS adherence properties were primarily affected by PS and correlated to the PN/PS values in the EPS extracted from the biofouling membranes, and lower ratios showed higher adherence of EPS. By calculating, the PN/PS values decreased with the increase of AHLs exposure concentrations, which showed that AHLs promoted the attachment of the diatom Cylindrotheca sp. (Fig. S1 ). All these results showed that AHLs produced by bacteria noticeably increased the diatom-biofilm biomass and EPS production. It was reported that the interaction between diatoms and bacteria in biofilm might be regulated by a complex network of chemical factors including EPS and other substances (Khandeparker et al., 2014) . For example, bacteria influenced the diatom community structure by antibiotic-mediated interactions (D'Costa and Anil, 2011) . Recently, Windler et al. (2015) reported that the bacteria Bacteroidetes strain 32 influenced the biofilm structure and biomass of the diatom Achnanthidium minutissimum and pointed out that little was know about the chemical interactions between diatoms and bacteria. Therefore, the identification of the bioactive compounds of Bacteroidetes strains 32 and further physiological studies would be important in the future research field. In this study, our results indicated that AHLs might act as important substances to drive the formation of the diatom-biofilm of Cylindrotheca sp., and the morphology analysis of SEM and CLSM further demonstrated that AHLs promoted the formation of the diatom-biofilm, and the density and thickness of the biofilm were obviously improved. During the long-term incubation (15 days), the possible foreign bacteria in the diatom cultures might produce AHLs that interfere with the effects of AHLs on the diatom Cylindrotheca sp. in this study. Therefore, the possibility of other bacteria-deriving AHLs should be excluded. Generally speaking, three basic ways could inhibit the bacterial quorum sensing based on AHLs, such as blockage of AHLs production, interference with the signal receptor, and inactivation of AHLs signal molecules (Rasmuseen and Givskov, 2006) . In this experiment, 3,4-Dibromo-2(5)H-furanone was employed as a class of QSI interfering with the signal receptor to exclude exogenous signals. It was found that AHLs significantly increased Chl.a and EPS contents in the diatom-biofilm when exposed to 1 mg/L QSI, which showed no inhibitory effects on the growth of diatoms (Fig. S2) . When the concentration of QSI reached 4 mg/L, the growth of the diatom was obviously inhibited. However, the addition of AHLs still promoted Chl.a and EPS contents in the diatom-biofilm (Fig. S3) , which further demonstrated the important roles of AHLs on developing the diatom-biofilm. In addition, the role of AHLs in the diatom-biofilm also depended on the types of AHLs. To date, no explicit information is available for the role of bacterialproducing quorum sensing signals AHLs in the growth, EPS secretion of diatoms. This study reported for the first time that AHLs promoted the formation of the diatom-biofilm.
For further exploring the possible action mechanism of AHLs on the initial colonization of Cylindrotheca sp., a new technology NMT was employed to measure the net Ca 2+ flux. Our results showed that three kinds of AHLs in the experiment all significantly promoted Ca 2+ efflux in the diatom. If Ca 2+ was related to the motility of diatom Cylindrotheca sp., Ca 2+ efflux reducing the motility was beneficial to the adhesion of diatom on the substrate (McLachlan and Underwood, 2012) . However, other reports pointed out the increase of Ca 2+ concentrations promoted the adhesion of diatom Amphora coffeaeformis (Cooksey, 1981) , which seemed to be contradictory to our results that AHLs induced Ca 2+ efflux and promoted the formation of the diatom-biofilm. The main reason was speculated that the adhesion of diatoms were influenced not only by Ca 2+ but also by many other factors including Sr 2+ (Cooksey, 1981) , nitric oxide signal molecules (Thompson et al., 2009) , and substratum properties (Dobretsov et al., 2013) in natural environment. At the same time, Ca 2+ was also a ubiquitous intracellular messenger in eukaryotic signal transduction and regulated various physiological processes in addition to diatoms adhesion (Vardi et al., 2006) . AHLsinduced Ca 2+ efflux in the diatom Cylindrotheca sp. might be also related to other physiological processes, which deserved to be further studied in the future.
In conclusion, AHLs signal molecules, as cell-cell communication 'language', promote the development of the diatom-biofilm of Cylindrotheca sp. In this study, results showed that AHLs notably promoted Chl.a, EPS production, increased the thickness of the diatombiofilm and induced Ca 2+ efflux in the diatom Cylindrotheca sp. Combined with other reports that AHLs mediated the settlement of other fouling organisms, it is speculated that AHLs play an important role in the formation of biofouling communities and the disruption of quorum sensing or inactivation of AHLs deserve to be understood and studied for biofouling control. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.marpolbul.2016.04.010. 
